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Over recent years composite materials, especially those involving carbon structures as reinforcement inside a polymer matrix, have become the focus of considerable research [1, 2] . In particular, the exceptional properties reported for carbon nanotubes [3, 4] (CNTs) have motivated the development of new nanotube-based composites. In addition to their unique mechanical properties [5, 6] , which combined with their high aspect ratio and nanoscale dimensions makes them excellent candidates for composite reinforcement, they also possess superior thermal and electrical properties [7] . Therefore, polymer-nanotube composites are expected to have many potential applications in several fields: the addition of CNTs could improve thermal transport properties of the polymer, being useful as connectors, thermal interface materials and heat sinks. Alignment of CNTs under a magnetic field leads to an increase in the electric conductivity, so they can be applied in electronic packaging, self-regulating heaters and PTC resistors [8] . Furthermore, incorporation of CNTs into a polymer matrix can provide structural materials with dramatically increased modulus and strength [9] . This behaviour combined with their low density makes them suitable for the transport industry, especially for aerospace structures, where the reduction of weight is one of the main goals in order to reduce fuel consumption. Nowadays the use of polymer composites in the aeronautic industry is mostly associated with secondary parts of the aircraft. Nevertheless, they are starting to be used in structural components, such as wing panels, horizontal and vertical stabilizers and some elements of the fuselage, in order to minimize fuel and manufacturing costs. For this purpose, materials easily processed by continuous methods should be employed; poly(ether ether ketone) (PEEK) carbon nanotube reinforced composites seem to be highly suitable candidates, due to the thermal environment and mechanical requirements of those parts. PEEK is a semi-crystalline thermoplastic polymer with excellent thermal and chemical stability [10] , currently used in a wide range of applications [11] , especially for the automobile and aerospace industries. Since its commercialization in 1981, many studies have been reported on the structural [12] , thermal [13] and mechanical [14] characterization of this high-performance thermoplastic material. In the literature there are many reports related to the integration of SWCNTs into polymer matrices [15, 16] , but only a few papers deal with such composites with a PEEK matrix; the most relevant being those published by Shaffer and co-workers [17, 18] , working with carbon nanofibres/PEEK composites and by Baaba et al. [19] , dealing with multi-walled nanotubes functionalized with sulfonated PEEK.
This study approaches two main objectives: firstly, the development of strategies to efficiently incorporate SWCNTs into the PEEK matrix; uniform CNT dispersion and improved nanotube/matrix interface adhesion are critical issues in the processing of these composites in order to achieve efficient reinforcement. Secondly, the characterization of the PEEK composites. A complete characterization at nano(micro)-scopic and macroscopic scales is fundamental to obtain information on the structural and functional changes induced in the polymer with the addition of SWCNTs. The influence of the preparation and processing conditions, as well as SWCNT concentration on the morphology, thermal and dynamic mechanical properties of the resulting composite materials is analyzed in detail in this work.
Experimental

Materials
The matrix used was a commercially available semi-crystalline poly(ether ether ketone), PEEK 150P, supplied by Victrex plc, UK (M w $ 40,000 g/mol, T g = 147°C, T m = 345°C). This low viscosity grade is the most suitable for potential aircraft applications. The polymer, provided as a coarse powder, was vacuum dried at 120°C for 4 h, and stored in a dry environment before blending. Arc-grown SWCNTs were synthesized by the Institute of Carbon Chemistry (ICB-CSIC), Zaragoza, Spain, using Ni/Y $2/0.5 atomic ratio as catalyst according to the procedure reported elsewhere [20] . In order to decrease the metal catalyst content ($13 wt% Ni, Y) and to remove amorphous carbon particles, these arc-grown SWCNTs were treated in a reflux of HNO 3 1.5 M, at 150°C for 2 h, and then centrifuged at 10,000 rpm for 4 h. This process reduced their metal content by approximately 75%, which demonstrates the effectiveness of the purification step. During the treatment, oxygenated groups are formed, which increase the reactivity of the CNTs, and therefore improve their ability to anchor to the polymer matrix. Laser-grown SWCNTs were prepared by the Steacie Institute for Molecular Sciences (SIMS-NRC), Canada. The residual catalyst (Ni, Co) was lower than 4 wt%, and they were used without further purification. Before proceeding to the fabrication of the composites, arc and laser SWCNTs were characterized by SEM, NIR, FT-Raman spectroscopy and TGA; these results are detailed in another section.
Preparation of PEEK/SWCNT composites
To verify the potential improvement in the CNT dispersion caused by a pre-processing step based on mechanical treatments in alcohol media, and its possible influence on the properties of the composites, we have prepared PEEK/SWCNT systems following two different procedures. As received raw arc-grown and laser-grown SWCNTs (named ZC1 and LC1, see nomenclature in Table 1 ) were directly mixed with dried PEEK powder. Purified arc-grown and laser-grown SWCNTs (named ZC1p and LC1m, respectively) were integrated in the matrix as follows: firstly, PEEK polymer was ground with a ball mill in order to reduce its particle size. Secondly, the polymer was mixed with different amounts of CNTs. Each mixture PEEK/SWCNT was then dispersed in 30 mL of ethanol and sonicated in an ultrasonic bath for 30 min. Subsequently, the dispersion was partially dried under vacuum (70 mbar) T mr corresponds to the temperature of maximum rate of weight loss under air atmosphere, and D to the average bundle diameter obtained by SEM micrographs. ZC1p and LC1m SWCNTs were integrated in the matrix following a pre-processing step based on ball milling and premixing under mechanical treatments in ethanol (see explanation in the text).
at 50°C for 5 min, sonicated for another 30 min, and heated until the ethanol was completely eliminated. All types of PEEK/SWCNT composites studied in this work, containing concentrations of 0.1, 0.5 and 1 wt% SWCNTs, were prepared by melt-blending in a Thermo-Haake MiniLab micro-extruder, at 380°C, using 5 g of total material, with a rotor speed of 150 rpm. Mixing times of 20 min were applied, selected as standard conditions according to preliminary tests. Homogeneous films were prepared in a Collin press at 380°C under 130 bar and cooled between aluminium plates at 15°C. Samples were annealed for 3 h at 200°C to increase their crystallinities.
FT-Raman spectroscopy
The FT-Raman Spectra of the SWCNTs were performed with a Perkin-Elmer System 2000R, using a Nd:YAG laser excitation source (1064 nm), and an InGaAs detector operating at room temperature. To improve the signal-to-noise ratios, spectra were recorded with an incident laser power of 25 mW and resolution of 4 cm À1 .
Near infrared spectroscopy
A Perkin-Elmer Lambda 900 UV-VIS-NIR spectrophotometer was used to obtain NIR spectra of the SWCNTs, in the wavenumber range between 6000 and 14,000 cm
À1
. The SWCNTs were homogenized and dispersed in DMF by use of an ultrasonic bath. The solution was diluted until a final concentration of approximately 0.01 mg/mL was reached. The samples were sonicated just before the spectral measurement in order to assure high quality dispersion.
Thermogravimetric analysis
The thermal stability of the SWCNTs and the composites was analyzed by thermogravimetric analysis (TGA). The measurements were carried out using a TA-Q500 thermobalance, at heating rate of 10°C/min, under nitrogen and dry air atmospheres. The analysis was performed on samples with an average mass of 10 mg, under dynamic conditions, from room temperature to 900°C, with a gas purge of 150 mL/min. Before the measurements, treated SWCNTs were dried overnight at 100°C to assure total evaporation of the solvent.
Differential scanning calorimetry
The crystallization and melting behaviour of the composites were investigated by DSC using a Mettler TA 400/DSC 30 differential scanning calorimeter, operating under nitrogen flow.
Samples of approximately 10 mg were weighed and sealed in aluminium sample pans. Before the heating and cooling scans, composites were melted at 380°C and maintained at this temperature for 5 min in order to erase the thermal history of the material. Subsequently they were cooled from 380 to 30°C at a rate of 10°C/min, and then heated from 30 to 380°Ca t1 0°C/min. The transition temperatures were taken as the peak maximum or minimum in the calorimetric curves. 
Dynamic mechanical analysis
The dynamic mechanical performance of the composites was studied using a Mettler DMA 861 dynamic mechanical analyzer. Rectangular shaped samples of $19.5 · 4 · 0.5 mm 3 were mounted in a large tension clamp. The measurements were performed in the tensile mode at frequencies of 0.1, 1 and 10 Hz, in the temperature range between À130 and 260°C, at heating rate of 2°C/min. A dynamic force of 6 N was used oscillating at fixed frequency and amplitude of 30 lm.
3.
Results and discussion
Characterization of the single-walled carbon nanotubes
A complete characterization of all SWCNTs used was performed before the preparation of the composites; these results are summarized in Table 1 .
The FT-Raman spectra of the SWCNTs were recorded in order to analyze their most characteristic bands. As an example, Fig. 1 presents the spectra of purified arc-grown SWCNTs, where four main bands can be observed [22] : the tangential G band, whose profile reveals the semiconductor character, the disorder induced D band, G 0 band (D overtone) and the radial breathing modes. The relative purity represented by the G/D intensity ratio [23] is listed in Table 1 .
CARBON 47 (2009) 3079-3090
The quality of the nanotubes was analyzed by NIR spectroscopy, following the method described by Itkis et al. [24] . NIR spectra of laser SWCNTs dispersed in DMF is shown in Fig. 2 . The S 11 peak for arc-produced SWCNTs is typically located between 5000 and 7000 cm À1 [25] ; the high-energy edge of this absorption peak is just visible in the spectrum. The S 22 transition of semiconducting SWCNTs can be clearly observed. The ratio between the S 22 peak area after baseline correction and the S 22 total area indicates the purity of the material; calculated values are included in Table 1 . As expected, purified arc-grown SWCNTs show higher purity than raw ones; this evidences again the effectiveness of the purification step. SEM images of arc-grown SWCNTs (not shown) revealed a high degree of agglomeration, with an average bundle diameter of 21.8 nm (see Table 1 ). Residual impurities could be observed in the micrographs, which were effectively removed after the purification process. Laser SWCNTs also appeared quite agglomerated, with average bundle diameter of 39.8 nm. However, taking into account the non-homogeneous size distribution of the diameters revealed by the micrographs and the detection limit of the technique (about 20 nm), these should be considered only as approximated values.
In order to analyze the thermal behaviour of the SWCNTs and to determine their metallic residue, TGA under dry air conditions was carried out. All thermograms present only one decomposition step, with a small amount of residue left due to the catalyst used in the synthesis. It is well known that CNTs exhibit very high thermal stability [26] ; however, temperatures for the maximum rate of oxidation can vary by up to ±100°C depending on sample preparation, treatment as well as the metallic content that catalyzed the thermal oxidation. Our results revealed temperatures of maximum weight loss ranging between 459°C, for raw arc-grown SWCNTs, and 541°C, for purified arc-grown SWCNTs (see Table 1 ). According to literature [27] , other forms of disordered carbon present significantly lower temperatures of maximum degradation than CNTs; this could explain the fact that purified SWCNTs decompose at temperatures $80°C higher than as prepared SWCNTs. TGA experiments were also performed in a N 2 atmosphere, where the SWCNT degradation initiates at temperatures well above 600°C. Under inert conditions they are thermally more stable than in an oxidative environment, in agreement with TGA studies performed by other authors [28] .
Carbon nanotube dispersion in the composites
To achieve a good dispersion of the SWCNTs in the polymer matrix is the key to fabricate composites with enhanced thermal and mechanical properties. This is commonly a difficult task, because carbon nanotubes have strong tendency to gather and form bundles [29] . In order to assess the state of dispersion and morphology of the fabricated composites, the surfaces of cryofractured films were examined by SEM. Fig. 3 shows typical micrographs of different PEEK/SWCNT systems. Fig. 3a and b compares a composite prepared by direct integration (PEEK/ZC1 The CNTs, which appear as bright spots (see the arrows marked on the images), seem to be homogeneously dispersed within the PEEK matrix in both types of composites. However, the size of the domains of raw arc-grown SWCNTs is relatively larger, and consequently they are easier to visualize. According to the images, a bundle of ZC1 has approximately twice the diameter of a bundle of ZC1p, meaning that purified SWCNTs are more disentangled and better integrated in the matrix. Samples including both types of SWCNTs show a good interfacial adhesion between the filler and matrix phases, as no open ring holes are found around the nanotubes. Fig. 3c and d compares composites with 1 wt% laser-grown SWCNTs which only differ in the preparation method. As it can be clearly observed, the SWCNTs are quite agglomerated in the sample prepared by direct mixing (PEEK/LC1, Fig. 3c) , and tend to concentrate in certain regions of the matrix, forming a highly entangled interconnected structure. However, the sample fabricated with the aid of mechanical pretreatments (PEEK/LC1m, Fig. 3d ) shows an improved dispersion of the SWCNTs. The size of the domains in the dispersed phase is considerably smaller and CNTs are randomly distributed through the whole matrix. Notice also that the observed bundle diameters for SWCNTs dispersed in ethanol are consistent (within the experimental error) with the values obtained from SEM images of the SWCNTs alone. This indicates that most SWCNTs were separated into smaller bundles by the disentanglement process in ultrasonic bath, and confirms the efficiency of these mechanochemical pretreatments.
Thermal stability
To study the thermal stability of the composites, TGA characterization has been carried out under dry air and nitrogen atmospheres. The degradation curves of pure PEEK and composites containing 1 wt% SWCNTs are displayed in Fig. 4 .I t can be observed that the decomposition under inert environment takes place in a single stage, which involves decarboxylation, decarbonylation and dehydration processes, leading to the formation of phenol groups, carbon dioxide and water [30] . The ether and aromatic structures remain in the residue up to very high temperatures [31] . At 700°C the residual amount in all composites is approximately 46% of the initial weight. Pure PEEK starts to degrade at 521°C and shows the maximum rate of weight loss (T mr ) at 558°C. The incorporation of SWCNTs induces a remarkable thermal stabilization of the matrix; thus, the addition of 1 wt% LC1m or ZC1p increases the initial degradation temperature (T i )u pt o2 5°C and delays T mr by about 20°C. However, if we focus on the composites prepared by direct mixing, the increase in the aforementioned temperatures is considerably lower. This observation reveals that a more uniform and fine dispersion of the SWCNTs improves the interfacial adhesion between the CNTs and the matrix and restricts the thermal motion of the PEEK chains, thereby leading to composites thermally more stable. Similar enhancements in the thermal stability attributed to a more homogeneous distribution of the CNTs have been reported for Nylon 6/MWCNT [32] and PU/MWCNT [33] composites. Apart from the preparation procedure, other factors seem to affect the decomposition process. Samples including raw arc-grown SWCNTs show the lowest degradation temperatures. This is consistent with the results obtained from TGA study of the SWCNTs, which points out that ZC1 is the first to initiate decomposition, probably due to its higher content in metal impurities that catalyze the degradation process. However, small differences are found between T mr of composites prepared with purified arc-grown and laser-grown SWCNTs, which seems reasonable taking into account their similar content in metal catalysts (see Table 1 ).
The effect of SWCNT content on the thermal behaviour of the composites can be disclosed from Table 2 , which presents the characteristic temperatures for the PEEK/SWCNT systems. Samples with different SWCNT loading begin to lose weight nearly at the same temperature, but the maximum mass loss rate is usually delayed by a few degrees. Hence, if we focus on the PEEK/LC1m system, by incorporating 0.1, 0.5 and 1 wt% SWCNTs, T mr increases by 7, 15 and 19°C, respectively. This suggests that an increase in the SWCNT content enhances the thermal stability of the composite. Analogous behaviour has been reported in the literature for various polymer/CNT composites [34, 35] . The observed stabilization may be attributed to the barrier effect of CNTs, which hinders the diffusion of the degradation products from the bulk of the polymer to the gas phase. Another plausible explanation could be the higher thermal conductivity of the composite that facilitates heat dissipation within the sample.
The behaviour mentioned above does not significantly differ from that found under dry air atmosphere (data not shown). The incorporation of a very small amount of uniformly and well-dispersed SWCNTs also stabilises the composite in an oxidative environment, raising the matrix T i by an average of 10°C; the stabilizing effect also affects T mr , which increases progressively as SWCNT loading rises.
3.4.
Crystallization behaviour DSC was employed to evaluate the effect of SWCNTs on the crystallization and melting behaviour of different types of PEEK/SWCNT composites. Fig. 5 shows, as an example, the crystallization exotherms and heating endotherms for films of PEEK and PEEK/LC1m with different SWCNT content. In Fig. 5a it can be observed that the crystallization temperature T c , obtained from the minimum of the exothermic peak, is about 309°C for pure PEEK. The incorporation of 0.1-1 wt% SWCNTs leads to a progressive shift of the crystallization peak towards lower temperatures (T c-0.1 wt% = 307.5°C, T c-0.5 wt% = 305.1°C, T c-1 wt% = 303.3°C). However, the apparent crystallization enthalpy DH c, calculated as the normalized integral of the crystallization peak, and therefore the crystallinity remain almost unchanged. These observations are intriguing since nanotubes usually act as nucleating agents [36, 37] that increase the crystallization rate, because the nucleation starts simultaneously in multiple centers; therefore one expects a similar if not higher T c for the composites. This unusual behaviour can be explained by a confinement effect [38] : the CNT network imposes a confinement on polymer chain diffusion and crystal growth which slows down the overall crystallization process, leading to lower values of T c for the composites. Nevertheless, our results are consistent with the behaviour described by Shaffer and co-workers [18] on DSC analysis of carbon-nanofibre/PEEK composites. A small T c decrease was observed for samples with nanofibre loading up to 5 wt%, and this effect was attributed to interactions between the matrix and the nanoscale filler occurring during the crystallization process. Furthermore, in other systems such as PPS/IF-WS 2 composites, the cystallization of the The displayed temperatures are: T i : initial degradation temperature obtained at 2% weight loss; T 10 : temperature for 10% weight loss;
T mr : temperature of maximum rate of weight loss.
matrix was found dependent on the IF-WS 2 concentration, but in ways unexpected for polymer blends. A drastic change from retardation to promotion of PPS crystallization was observed depending on the nanoparticle content, which was related to the change in the fold surface free energy [39] . In the case of the melting process, the DSC heating curves in Fig. 5b show an endothermic peak for pure PEEK at 344.2°C, which corresponds to the melting temperature T m , and a small variation of the specific heat associated to the glass transition at about 150°C (this temperature is more accurately determined from DMA measurements). The addition of SWCNTs does not significantly change T m or the apparent melting enthalpy DH m, in agreement with the observations reported from heating thermograms of carbon-nanofibre/PEEK composites [18] .
The aforementioned behaviour has been systematically found within all PEEK/SWCNT systems, as it can be observed in Table 3 , which presents experimental DSC data and the degree of crystallinity of all composites prepared. A close analysis of this table reveals that T c is not significantly affected by the type of SWCNT. Regarding the influence of the composite fabrication procedure, it is confirmed that samples with improved degree of dispersion of the SWCNTs in the matrix present slightly higher T c than those obtained by direct°C mixing; in the latter the existence of small agglomerates makes the indicated confinement effect more significant and therefore crystallization occurs at lower temperatures.
In general, differences between the levels of crystallinity of the composites are quite small, lower than 5%. Moreover, over the whole composition range, crystallinity values obtained from the melting curves are slightly higher than those derived from the cooling thermograms. This fact may be due to a recrystallization from defective to more perfect crystals which takes place during the heating.
3.5.
Crystalline structure
The crystalline structure of PEEK/SWCNT composites was also characterized using wide angle X-ray diffraction. Four main peaks can be observed at 2h values of 18.8°, 20.7°, 22.9°a nd 28.9°, which correspond to the diffraction of the (1 1 0), (1 1 1), (2 0 0) and (2 1 1) crystalline planes [40] , respectively, of the orthorhombic unit cell. All composites exhibit similar diffractogram to the PEEK matrix, differing mainly in the width and intensity of the peaks. No shift in the position of the Bragg reflections is observed. As the SWCNT content increases, peaks became wider and with decreased intensity. Composites prepared by dispersion in ethanol show narrower peaks than those obtained by direct mixing.
The crystallite size perpendicular to the diffraction (1 1 0) plane, D 110 , obtained from the room temperature diffractograms using the Scherrer expression [41] , increases with the addition of SWCNTs until a concentration of 0.1 wt% is reached and then slightly decreases. This behaviour can be explained based on the aforementioned confinement effect and the T c decrease observed from DSC thermograms. The incorporation of very low SWCNT content slightly reduces the crystallization rate of PEEK, leading to the formation of smaller crystals than those of the polymer in the vicinity of T c . Since the confinement effect is almost insignificant at these concentrations, during the cooling process PEEK crystals grow considerably, resulting in larger room temperature D 110 values than the calculated for the pure matrix. On contrast, at higher SWCNT loading, the reduction in the crystallization rate is stronger and on cooling the dense nanotube network imposes a remarkable confinement on crystal growth; therefore, at room temperature samples with high SWCNT concentration present lower crystal size than the matrix. However, to fully confirm this hypothesis, an in-depth understanding of the crystallization processes is required, which is out of the scope of this paper. Regarding to the influence of SWCNT type, it is found that samples containing purified SWCNTs present the highest D 110 values. Thus, the integration of 0.1 wt% ZC1p increases the crystallite size of the matrix (20.9 nm) by nearly 10%. Moreover, the decrease of the matrix particle size and the procedure of dispersion in ethanol also lead to larger crystals.
Dynamic mechanical properties
The influence of SWCNT content on the mechanical properties of the composites has been explored by DMA. Fig. 6 shows, as an example, the temperature dependence of the storage modulus (E 0 ) and loss modulus (E 00 ) of PEEK and PEEK/LC1m composites, for different SWCNT loading, at the frequency of 1 Hz. Similar dynamic mechanical spectra were recorded for the different samples. The storage modulus of pure PEEK decreases slowly and progressively with increasing temperature, showing a very strong decay (higher than 85%) in the temperature range between 138 and 170°C, which correlates with the glass transition of the polymer, according to DSC experiments (see Fig. 5b ). The loss modulus exhibits a low broad peak around À95°C and an intense sharp peak at 148.3°C. The first maximum is generally attributed to the b relaxation [14] , associated with local motions of the ketone groups, whereas the second is the a relaxation [42] , considered to be the glass transition of the material.
In most of the temperature range, the incorporation of increasing contents of SWCNTs induces a progressive rise in the storage modulus of the matrix. Thus, at room temperature, composites containing 0.1, 0.5 and 1 wt% SWCNTs increased E 0 by approximately 16, 23 and 27%, respectively. The observed enhancement in the mechanical response is attributed to the effective load transfer from the matrix to Table 3 -DSC crystallization and melting data of PEEK/SWCNT composites.
Mat. (% SWCNTs)
T The displayed data are: T c : crystallization temperature; DH c : apparent crystallization enthalpy; T m : melting temperature; DH m : apparent melting enthalpy; (1 À k) c and (1 À k) m : crystallization and melting crystallinities derived from the peak areas.
the fillers likely resulting from an improvement in the SWCNT dispersion. Analogous behaviour of mechanical enhancement has been reported in the literature for different polymer/SWCNT composites [33, 43] . Our experimental data reveal a non-linear growth of E 0 with SWCNT content, the increase being more pronounced at low concentrations. These results are not consistent with the predictions of continuum-based volume additivity models [44] . E 0 of samples with 0.1 wt% SWCNTs exceeded the theoretical calculations, whereas those of the other compositions were lower than expected. At very low concentrations, the nanotubes are well dispersed and therefore E 0 increases rapidly with SWCNT content. However, when the concentration becomes sufficiently large, the nanotubes interact and form small aggregates. CNT agglomeration reduces the aspect (length-todiameter) ratio and the modulus of the filler and limits the interfacial area for stress transfer to the polymer matrix; this is reflected in E 0 values which fell appreciably below theoretical predictions. The aforementioned results are in contrast to the study of vapour-grown carbon nanofibres/PEEK composites [17] prepared by injection moulding, which revealed a linear increase in stiffness with increasing nanofibre loading. This contradictory can be explained based on the large aspect ratio, high mass density and low flexibility of carbon nanofibres compared to CNTs [4] and on the processing routes employed for the transformation of the blends that play a key role in the resulting properties of these materials.
Furthermore, the difference between the storage modulus of the composite (E 0 composite ) and the matrix (E 0 PEEK ), plotted in Fig. 6b , represents the contribution of the nanotubes to the overall modulus; this contribution decreases with increasing temperature, showing a substantial drop around T g and becomes negligible at higher temperatures. Hence, at À100°C, 1 wt% SWCNT loading contributes $1.3 GPa to the storage modulus, while this contribution is reduced to $1GPa at 25°C and to $0.04 GPa at 200°C. Considering that SWCNT modulus is not very sensitive to temperature [45] , the observed drop in the storage moduli difference suggests highly temperature dependent nature of the load transfer efficiency between the matrix and the reinforcement, hence of the interfacial strength in these composites. This decrease in load transfer ability as temperature rises can be partially attributed to changes in the PEEK structure and morphology resulting from the presence of SWCNTs. A similar phenomenon for load transfer ability was also observed in composites where the reinforcing entities were spherical particles [46] . The drastic jump of E 0 composite -E 0 PEEK in the vicinity of T g was mainly attributed to changes in Poisson's ratio of the polymer as well as to variations in the ratio of the modulus of the filler to that of the matrix when going through the glass transition [47] .
With regard to the loss modulus data for different compositions (Fig. 6a) , it is evident that the introduction of SWCNTs results in a reduction of E 00 magnitude at temperatures below T g ; the decrease is steeper at extremely low concentrations and gets smoother as the concentration becomes higher.
With an increase of SWCNT content, the b relaxation was broadened, smoothed and shifted to higher temperatures; this suggests that the presence of SWCNTs act as a barrier for the local movements of the ketone groups. It can be observed in the figure that the addition of SWCNTs causes small increases in T g , hence in the stiffness of the systems. Since the glass transition is associated with the mobility of chain segments in the amorphous regions, a likely explanation is that those segments in the vicinity of the nanotubes are less mobile, because CNTs restrict rotational motion within the chains and therefore lead to a raise in T g . Such effects have been observed in other polymer systems with finely dispersed materials [48] . We have observed that the influence of SWCNTs in the DMA behaviour of the PEEK matrix is the same at other frequencies, with an increase in the storage modulus and in the temperature of the relaxation peaks as frequency is shifted to higher values. For this reason our experimental results are only discussed at 1 Hz.
To study the influence of the processing route on the mechanical response of the composites, the storage modulus E 0 and loss modulus E 00 ,at25°C, as well as the glass transition T g of different 1 wt% PEEK/SWCNT composites were compared at the frequency of 1 Hz (see Table 4 ). As it was expected, composites prepared following the procedure of dispersion in ethanol present higher E 0 than those obtained by direct mixing. Hence, the former composites increased PEEK modulus between 21% and 27% (which corresponds to the incorporation of ZC1p and LC1m, respectively), whereas for the other samples the increment was lower than 10%. Chen and co-workers illustrated similar effects with MWCNTs in Nylon 6, indicating that the interfacial interaction was more effective in strengthening the material in composites with uniformly dispersed CNTs [32] . Remarkable differences were also found within their glass transition temperatures; T g increase was more significant in samples with improved SWCNT dispersion. This is consistent with SEM observations: samples prepared by direct mixing are more heterogeneous and CNTs tend to concentrate in certain regions of the matrix, leaving the others with very low reinforcement content. In the latter areas the molecular movements are only partially limited and therefore T g increment is lower than expected. However, when the SWCNT distribution is homogeneous, the restriction in mobility is almost identical over the whole matrix and consequently T g rise is higher.
Apart from the preparation procedure, the type of SWCNT also seems to influence the storage modulus of the composites. Thus, for the different CNT loadings tested, it was found that samples including laser-grown SWCNTs exhibit the highest E 0 . This is not surprising since the purity, quality, aspect ratio and nature of impurities, hence the source of SWCNTs are determining factors in the final properties of CNT based composites. It has recently been shown that defects have detrimental effects on mechanical properties of SWCNTs [49] . The laser process produces CNTs of the highest quality (few defects, high crystallinity) as compared to any other synthesis methods known; it also generates nanotubes with very large aspect ratio (>10,000). Acid treatments, such as that used in this work to purify the arc-grown SWCNTs, are known to shorten the CNTs and induce defects on their side walls. Thus it is not striking that acid treated arc-grown based composites have lower E 0 than those including laser-grown SWCNTs. Further experiments would be required to determine the exact reason for the observed differences among the various samples. Our results do confirm the strong dependence of the mechanical properties of the composites on the CNTs synthesis method and post-treatments.
Conclusions
Different PEEK/SWCNT composites, at 0.1, 0.5 and 1 wt% SWCNT content, have been prepared by melt-blending. An efficient dispersion of the CNTs in the matrix was achieved by the combination of polymer ball milling and mechanical pre-treatments in ethanol, as revealed by SEM micrographs of fractured films. TGA thermograms show a substantial increase in the matrix degradation temperatures by the incorporation of SWCNTs. Higher thermal stability is found for samples with improved CNT dispersion. DSC experiments indicate a decrease in the crystallization temperature with increasing SWCNT content, whereas the melting temperature remains almost constant. This behaviour can be explained by a confinement effect of the polymer chains within the CNT network, which delays the crystallization process and leads to lower values of T c for the composites. No significant differences are found within the level of crystallinity of these composites calculated from DSC measurements. At room temperature, samples containing 0.1 wt% SWCNTs exhibit larger crystallite size than the raw matrix. At higher concentrations, the CNT network restricts the polymer chain diffusion and hinders the formation of large-size crystals. Furthermore, over the whole concentration range, composites including purified SWCNTs present bigger crystals. DMA studies reveal a non-linear growth in the storage modulus of the matrix by the addition of increasing SWCNT contents. This phenomenon can be attributed to weaker nanotube-matrix interfacial interactions taking place when a larger concentration regime is reached. SWCNTs restrict molecular mobility and consequently increase slightly the glass transition temperatures. The largest shift is found among composites with more homogeneous and fine distribution of the CNTs, that also exhibit enhanced rigidity, in particular those incorporating laser-grown SWCNTs, probably due to the improved quality and properties of this type of filler.
